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Monopiles and gravity base foundations (GBF) are two of the most commonly used offshore foundations for wind turbines. As resonance can cause damage and even failure of wind turbines, understanding the difference between the dynamic responses of monopiles and GBFs under free vibration is important, however there is little experimental data regarding their natural frequency, especially for model tests at correct stress levels. This paper presents the results of novel monopile and GBF tests using a centrifuge to directly determine the natural frequency (fn) of the foundation-soil system. The natural frequencies of wind turbine monopiles and GBFs in centrifuge models were measured during harmonic loading by a piezo-actuator, with the results confirming that soil-structure interaction must be considered to obtain the system natural frequency as the frequency reduces substantially from fixed-base values. These results will contribute to preventing resonance damage in designs for wind-turbine foundations.











The global climate has been warming for the past century with the principal cause being the burning of fossil fuels. A transition to alternative energy is urgently needed. Wind energy is on the rise worldwide and is one of the fastest growing renewable energy sources. The contribution of offshore wind energy is increasing in many countries, limiting the need for additional alternative energy sources. The European Offshore Wind Energy Association (2019) reported that a total offshore wind energy capacity of 22,072 MW has been installed, of which 3,627 MW was installed during 2019. The United Kingdom produces 45% of the total wind energy in Europe (9,945 MW) with Germany being the second largest producer (34%). Despite Europe having been a pioneer in reducing the use of fossil fuels and accelerating the transition to renewable forms of energy, the growth potential is now lower than that of new markets. The Global Wind Report (2019) indicated that while the UK has the largest total number of offshore wind turbine installations (33%), followed by Germany (26%) and China (23%), China had the most new installations in 2018 (39%), followed by the UK (29%) and Germany (18%). The Wind Energy and Electric Vehicle Magazine of Spain has reported that Asia is set to become the leader in offshore wind energy, with 100 GW of offshore capacity to be installed by 2030, China accounting for most of this capacity and other Asian markets such as Taiwan, Japan, South Korea and India becoming increasingly important. The Global Wind Report (2019) estimated that the first large-scale offshore installations are expected in North America in 2022 and developers expect 15 offshore wind projects, totalling 10,603 MW, to be commissioned by 2026, while Latin America does not at present have offshore wind energy. However, at the end of 2018, Petrobras (the Brazilian national oil company) announced studies to build the first offshore wind farm.
The foundation design of an offshore wind turbine is very important because it represents approximately 35% of the total project cost. Offshore wind turbines (OWTs) can either be fixed-bottom or floating OWTs. There are different options for fixed-bottom offshore foundations, such as monopiles, gravity base foundations (GBFs), jackets, caissons, tri-piles, and others. Monopiles dominate the global market for OWT foundations with jackets and GBFs representing the other most commonly used wind turbine foundations. The European Offshore Wind Energy Association Report indicates that in 2019 wind turbine foundations comprised 81.0% monopiles, 8.9% jackets and 5.7% GBFs. Use of jackets has recently increased due to sites moving further offshore and into deeper waters. While use of gravity bases has recently been stable, Esteban et al. (2019) report that GBFs have become a competitive alternative due to improvements implemented by the offshore wind industry.
Monopiles are generally easy to design and install, leading to their status as the dominant OWT foundations. However, there are subsoil conditions where the driving of monopiles is difficult, such as in hard and rocky soils or rock (weathered or massive rock).
Esteban et al. (2019) presented the historical evolution of the GBF. The first-generation GBF was a solid reinforced concrete structure (1995-2001) installed at depths between 3 and 7 m. The second generation emerged in 2003 and was similar to the first generation, composing of a flat slab and shaft. The slab contains holes or cells, and can be installed up to a depth of 20 m. In 2009, the third-generation GBF was realized. The lower part of the structure became a conical shape, with the upper part being a vertical hollow shaft. The third-generation GBF is transported by the semi-floating method, and to fix the GBF, the hollow shaft must be filled with ballast.
The increase in use of GBFs in 2018 can be explained by the new GBF concept described by Esteban et al. (2019). The new structure floats during transportation (from the port to the final location) and requires only small tugboats instead of a larger vessel.
The type of offshore wind foundation used is based on both the technical conditions and the cost. There are many variables that influence both the technical conditions and cost, such as the water depth, loads (wind, waves, marine currents, tidal range, extreme events, etc.), wind tower and turbine structure characteristics, and manufacturing, installation and operation processes. In the future, the decommissioning process must also be considered. 
An OWT experiences high cyclic and transient lateral loadings and large moments at the seabed in comparison to the vertical loading due to its own weight. The design of the wind turbine foundation must consider the ultimate, serviceability, fatigue, and accidental limit states under this complex loading. The details of each topic can be found in Design of Offshore Wind Turbine Structures (DVN, 2014) and Bhattacharya (2019).
The excitation frequency of an OWT should be carefully considered during the design phase to prevent resonance. OWTs are dynamically sensitive structures because of their slender structural nature and due to the applied cyclic loads. Hu et al. (2014) and Tibaldi et al. (2016) demonstrated the effects of resonance on OWTs under operation and the importance of dynamic response on the structural design.
The natural frequency of an OWT must be outside the excitation frequency range to avoid resonance and to reduce fatigue damage. To avoid resonance, fn needs to have a difference of 10% from both the rotational (1P) and blade passing (3P) frequencies (DNV, 2002). Therefore, to ensure that the first natural frequency (fn) of the system is consistent with all of the excitation frequencies, three options can be considered in the design phase: soft-soft, soft-stiff or stiff-stiff design. In practice, almost all OWTs are designed as soft-stiff systems, (Haigh, 2014). Thus, fn needs to conform to a narrow band between the 1P and 3P frequencies. 
The objective of this study is to use centrifuge models to better understand and compare the dynamic responses of wind turbine structures with two types of foundations: monopiles and GBFs. The prototype model is a simple representation of the real OWT structure; however, this condition reduces the uncertainties and allows calibration of theoretical models with more clarity. As the statistical data from the European Offshore Wind Energy Association Report indicate a recent increase in GBFs, this structure was selected to be compared with the most commonly used OWT foundation (monopiles) to understand the differences in terms of the dynamic response. The present study contributes to: (a) determine fn experimentally and assesses theoretical formulation that will be able to use in practical, (b) understanding the dynamics of wind turbine to avoid the coincidence of natural frequency with excitation frequencies.    

EXPERIMENTAL SETUP
Hostun sand was used in the centrifuge tests acquired from the area of Drôme in the southeast of France. This sand has been previously used in centrifuge tests at the Schofield Centre of the University of Cambridge and in several other European centres. The sand has a grain shape varying from angular to sub-angular and contains a high percentage of silica (SiO2 > 98%). The principal properties of this sand are summarized in Table 1.









The automatic sand pourer designed by Madabhushi et al. (2006) was used to accurately prepare the sand in a tub using the procedure described by Futai et al. (2018). The relative densities of the sands used in the tests were 35% (loose sand) and 70% (dense sand). Table 2 lists the properties of the sand samples used in this work.








*at a depth of 0.2 m when tested at 1g (σv = 3 kPa)
** at a depth of 10 m (prototype scale) when tested at 50g (σv = 150 kPa)
The sand stiffness was measured via the shear wave velocity profile using a miniature air hammer as described by Ghosh and Madabhushi (2002). Five accelerometers were installed at different depths in a vertical array during sand pouring, and miniature air hammers were installed directly below all accelerometers. Cross-correlation was used to measure the wave travel time between two consecutive accelerometers to obtain the shear velocity. The details of the experimental tests and the determination results of the shear wave velocity were presented by Futai et al. (2018).
The monopile models were fabricated by Futai et al. (2018) from lengths of aluminium tube, and the single piles were made using a solid cylindrical aluminium rod. The GBF model was made with solid aluminium, and a tube was attached on the vertical axis.
Four monopile (M) and two GBF models (circular, GBC, and square, BGS, models) were used in the centrifuge tests. The dimensions of these models are listed in Table 3. The same aluminium tube was used to represent the monopile and the free length. The tube had a diameter of 38 mm and wall thickness of 1.71 mm for the monopiles, the free length of the monopile and the GBF structures. The flexural rigidity was 2.208 kNm2 for the monopile and the free length at the model scale, representing values that are N4 times higher at the prototype scale. The same free length was used for all models and was equal to 200 mm.
Table 3. Monopile and gravity foundation models





GBS-L	GBS-D	150 x 150 (square)	-	200	119.5	1828
M indicates a monopile, GBC is a circular gravity base, GBS is a square gravity base, L or D is loose or dense sand, respectively, H is the embedded depth of the monopile, and L is the free length of the structure.

The two GBF models were tested with both loose and dense sand. Each model was tested at 1g and in the centrifuge tests at 30g and 50g, giving a total of twelve data points for the GBF tests.
The monopiles were embedded to 3 depths and tested with both sand densities. The models were tested at 1g and in the centrifuge tests at 50g. Twelve monopile data points were obtained for analysis.
The tests were conducted in the Turner beam centrifuge at the Schofield Centre, Cambridge University (Schofield, 1980). The programme was conducted in an 850 mm diameter tub at 30g and 50g. The centrifuge experiments were divided into four flights (two for each sand density) to study the dynamic behaviour of each of the gravity foundations. The six monopile results (three for each sand density) presented by Futai et al. (2018) were used to compare the results. The flexural rigidity of the free length at the prototype scale is 1.79 x 106 kNm2 and 1.38 × 107 kNm2 at 30g and 50g, respectively.
The test model used in the current study was based on the dimensions of a typical 3.6 MW OWT when tested at 50g, as shown in Figure 1.

Figure 1 – Schematic at the model scale: (a) OWT components, (b) GBF, (c) monopile, (d) GBF model and (e) monopile model. 
A typical GBF is 20 m in diameter, and a typical monopile is 4 m in diameter, driven 20 m into the seabed with a wall thickness of 150 mm for a 3.6 MW OWT. Therefore, the embedded depth of the simplified monopile prototype (at 50g) varies between 10 m and 15 m, while the diameter of the GBF is 7.5 m and the free length is 10 m. The prototype thus represents a 1:2 scale model of the monopile foundation for a 3.6 MW OWT. Using the GBC model as an example (Table 3), the scaled model has a base diameter of 200 mm and a free length height of 200 mm with a diameter of 38 mm and a wall thickness of 1.71 mm. The total mass is 1.95 kg, including a 120 g free length mass and a 540 g lumped mass at the head.
The lumped mass was fixed on top of the free length and contained the piezo-actuator (Figure 2). The models were tested using the methodology proposed by Futai et al. (2018), applying a cyclic force at a given frequency at the top of the structure using a dynamic piezo-actuator (device APA400MML from Cedrat Technologies, 2015). Cabrera et al. (2012) produced a system similar to other applications. Details on the piezo-actuator (Figures 2a and 2b) device can be found in Futai et al. (2018).







Figure 2 – Dynamic apparatus and instrumentations: (a) details of the piezo-actuator, (b) photo of the piezo-actuator, and (c) photo of the piezo-actuator installed in the model.
As shown in Figure 2c, the piezo-actuator on top of the free length vibrated horizontally. The vibration frequency could be changed by adjusting the frequency provided by a function generator. The dynamic soil-structure response could thus be recorded by the three micro-electrical-mechanical system (MEMS) accelerometers M1 to M3 attached to the outer wall of the free length with the load cell fixed next to the piezo-actuator on the top plate recording the input excitation. The positions of the MEMS accelerometers are shown in Figures 3a and 3b.














Figure 3 – Instrumentations: (a) typical test layout with the model and accelerometers installed in the sand, and (b) photograph of the monopile with the positions of the MEMS accelerometers.

The free length was vibrated by the piezo-actuator at controlled frequencies between 30 and 600 Hz at the model scale. The frequency at the prototype scale is N2 lower than that at the model scale, and the acceleration is N times higher.

3	MEASUREMENT OF THE SOIL STIFFNESS AND ESTIMATION OF THE GBF AND MONOPILE STIFFNESS
The soil small-strain shear modulus is an important parameter in soil-structure interaction (SSI) analysis. It is well known that the small-strain shear modulus, Gmax, depends on the effective stress and hence increases with depth. Futai et al. (2018) tested equations to estimate Gmax (Seed and Idriss, 1970, Hardin and Drnevich, 1972, and Oztoprak and Bolton, 2013). The equation with the best fit was the expression proposed by Oztoprak and Bolton (2013):
		(1)
where  and  are strain-dependent parameters and  is the reference pressure of 100 kPa (atmospheric pressure). In this work,  = 0.001% was adopted, corresponding to and , to determine Gmax.
The experimental Gmax data of Futai et al. (2018) were obtained from measured shear wave velocities, which were assumed to be constant between a given pair of accelerometers. Figure 4 shows the variation in Gmax with the prototype depth estimated using Oztoprak and Bolton’s (2013) empirical equation and the measured experimental results.
The Gmax value increases nonlinearly with depth and calculation of the GBF stiffness must hence consider the non-homogeneous conditions.  Gazetas (1991) proposed that the value of Gmax should be measured at a depth of 1/3 of the half-width of a rectangular shallow foundation for rocking stiffness and at 1/2 of the half-width for horizontal stiffness. The equivalent Gmax so obtained can then be used to estimate the foundation stiffness on inhomogeneous soil using the homogeneous soil solution.
The GBF stiffness for homogenous soils can be determined by equations proposed by Gazetas (1983) or Mylonakis et al. (2006), and depends on the shape of the base. Table 4 summarizes the vertical (Kv), horizontal (Kh), and rocking stiffnesses (Kr) for the circular and square bases. The solutions are valid for homogeneous soils with a constant shear modulus (G). The G value was adopted for a depth equal to one diameter or one side of the square base (centre of the stress bulb).

Table 4 - GBF stiffness (Gazetas, 1983 and Mylonakis et al., 2006)
Stiffness	Circular	Square
Kv	   (2)	  (3)




Figure 4 – Results of the small-strain shear modulus for (a) loose sand and (b) dense sand (Futai et al, 2018).

Van der Tempel and Molenaar (2002) proposed a solution for the fixed-based condition considering a lumped mass m1 at the end of a leam of length L and stiffness EI having mass m2:
		(9)
While other formulae exist to calculate fn of real turbines under fixed base conditions (Vugts, 2000, Blevins, 2001, van der Tempel, 2006), as the models tested in the centrifuge consist of a lumped mass on a beam it was not necessary to use more complex formulations.
SSI is fundamental to defining the dynamic behaviour of an OWT. The value of fn will depend on the characteristics of the foundation and the soil. Table 5 lists expressions to determine fn considering the SSI using coupled springs for the GBF. The expressions proposed by Veletsos and Meek (1974), and Byrne (2011) were selected (equations 10 and 11).
Futai et al. (2018) evaluated four equations (Velestos and Meek, 1974, Gazetas, 1996, Kumar and Prakash, 2004, Arany et al., 2016 and Darvishi-Alamouti et al., 2017) to estimate fn for monopile wind turbine foundations. The Darvishi-Alamouti et al. (2017) equation, (equation 12), provided the best estimate of the fn values determined by the centrifuge tests. 
The Darvishi-Alamouti et al. (2017) equation was the only expression that considered the principle of energy conservation (the Rayleigh method) and adopted a beam on an elastic base.
Table 5 – Natural frequency expressions considering the SSI.
Foundation	Reference	Natural frequency
Gravity base	Veletsos and Meek (1974)	 (10)
	Byrne (2011)	          (11)
Monopile	Darvishi-Alamouti et al. (2017)	           (12)
where:
	(13)
In the equation,k is the stiffness correction factor for piles, and m is the mass correction factor (Darvishi-Alamouti et al., 2017).

4	DYNAMIC RESPONSE
The test consisted of the application of controlled vibration by the piezo-actuator during flight, with data from the three MEMS accelerators and the applied force measured by the load cell (Figures 2 and 3) being acquired. A total of 50 tests were performed for each structure to cover the range of expected fn values. The acceleration and force peaks were obtained in each test. The details of the procedure can be found in Futai et al. (2018). The result of the GBF centrifuge test at 50g is presented in Figure 5. A square wave with a low frequency (2 Hz) was also applied, and the free length experienced free vibration that was analysed by the fast Fourier transform (FFT) method, and its result is included in Figure 5. The monopile results were similar to those shown by Futai et al. (2018).
The natural frequency was identified when the acceleration increased due to the resonant effect. The acceleration peak is the same for all three accelerometers. The square wave excitation was analysed using FFTs, and the result is shown in Figure 5. It is clear that the first power spectral density peak occurs at the same frequency as the acceleration peak. The first acceleration peak is related to the natural frequency, but the results also indicated a second peak at a higher frequency of around 450 Hz.
The force results are plotted in Figure 5, together with the acceleration response. The first force peak was observed at the same frequency of the acceleration peak. 
The acceleration response normalized by the force is presented in Figure 6.  The normalized data presented the same frequency for the first peak. However, it did not exhibit a second peak (Figure 6) as was observed for the acceleration and force (Figure 5). The second peak is related to the natural frequency of the actuator. The same response was observed by Futai et al. (2018) for monopiles. This experimental procedure can identify the natural frequency through the first peak of the dynamic response of acceleration, force, normalized data and FFT. This procedure was previously performed under 30g and 1g conditions, and the natural frequency results are summarized in Table 6. 

Figure 5 – Dynamic response of the GBF to define fn at the model scale at 50g.

The data in Table 6 are compared in Figure 7 for the model-scale GBF (Figure 7a) and monopile (Figure 7b). For the same model, the fn value at 1g was lower than that at 30g, and the fn value at 50g was the highest. For example, fn for the circular GBF in loose sand at 1g is 47.12 Hz, at 30g is 100 Hz and at 50g is 110 Hz.
The square GBF (e.g., fn of GBS-D-50g is 125 Hz) has a slightly higher fn value than that of the circular GBF (fn of GBC-D-50g is 122 Hz). Under the tested conditions, fn of the GBFs was around 20% higher than that of the monopiles. The difference depends of the dimensions and the stiffness of the foundation, especially the rotational stiffness. This 20% increase is specific for the foundations tested and presented in this paper.


Figure 6 – Acceleration response normalized by the applied force and force of the GBF at the model scale at 50g.

The monopile fn value increases marginally with the embedded depth owing to increased fixity. As an example, Table 6 shows the data from the monopiles in loose sand at embedded depths of 150 mm, 200 mm and 250 mm (at the model scale), where fn vales are 97.86, 99.49 and 101 Hz, respectively. The free length of the models is the same; thus, fn depends only on the sand and foundation characteristics. 
The maximum theoretical value of the natural frequency occurs under the fixed-base condition (fn-str, equation 8). Consideration of the SSI reduces fn and depends on the foundation stiffness. The measured fn values were normalized by fn-str and are shown in Figures 7c and 7d. The scale factor EI/L3 is 1/N, while the mass is 1/M3, and their combination in equation 8 results in an fn-str scale factor equal to 1/N. However, fn of the wind turbine tower depends on the SSI, and as summarized in Table 5, fn-SSI must be considered in the foundation stiffness.






























Figure 7 – Results of (a) fn of the GBFs ,  (b) fn of the monopiles, (c)  fn / fn-str of the GBFs,   and (d)  fn / fn-str of the monopiles.

Figure 8 presents an example of the influence of g-level on fn of the circular GBF in dense sand. The result is the dynamic response under free vibration of the free length subjected to a 2 Hz square wave and analysed by FFT. The fn value was identified by the peak of the Fourier amplitude, and it was confirmed that the value is close to the peaks in acceleration and normalized acceleration by the force. The fn value of the scale model increases with N from 47.76 Hz at 1g to 106 Hz at N= 30g and to 122 at N=50g, with fn being proportional approximately to N0.25. This relates to a change in the prototype structure at different g-levels as well as the scaling law for frequency. Scaling to the prototype would demonstrate that the prototype natural frequency of the system would vary as X-0.75 with X being the length dimension of geometrically similar structures. 

Figure 5 – Dynamic response of the GBF to define fn at the model scale at 50g.


Figure 6 – Acceleration response normalized by the applied force and force of the GBF at the model scale at 50g.

Figure 8 – Scale effect on the circular GBF in dense sand.

The diameter and side length of the GBF model are equal to 150 mm; thus, the square base area is 4/ times larger than the circular area, which is also reflected in the foundation stiffness (Table 4). Figure 9 shows the dynamic response of the GBF at 50g in dense loose sand. The fn value of the circular GBF is 110 Hz (Figure 9a) at the model scale, and that of the square GBF is 117 Hz (Figure 9b). The ratio of the square and circular areas is 1.27, and the ratio of the inertia moments is 1.7, while that of the respective Kr values is 1.43. However, the ratio of the fn values is only 1.07.

Figure 9 – Example of the effect of the GBF shape in loose sand at 50g.

The relation between fn of the square and circular GBFs is shown in Figure 10a. The fn of a square GBF is typically 1.07 times that of a circular GBF (Figure 10a). Figure 10b presents the relation between fn of the square and circular GBFs, with the tendency being that the ratio decreases with increasing N and relative density. For the dense sand at 50g, the ratio decreases to 1.025. The theoretical relation (Table 5) from Veletsos and Meek (1974) provides values from 1.174 in loose sand at 1g to 1.110 in dense sand at 50g, confirming the observed higher ratios in loose than dense sand.
One of the main goals of this paper is to compare GBFs and monopiles in terms of the dynamic response, which is shown in Figure 11. The results of the small-scale test at 1g (Figure 11a) in loose sand show that the influences of the GBF shape and embedded depth of the monopiles were more important than those of the other test conditions (Figure 11a). The average fn of the GBFs (43.38 Hz in loose sand and 50.76 Hz in dense sand) is lower than that of the monopiles (63.25 Hz in loose sand and 70.00 Hz in dense sand). This tendency was the opposite of that at 50g (Figure 12c) as the shallow foundations have very poor fixity at 1g due to the low applied vertical loads. The experimental fn was normalized by the fixed-base natural frequency fn-str at 1g (Figure 11b) and at 50g (Figure 11d). In the 1g test, fn/fn-str changed from 0.22 (circular GBF in loose sand) to 0.36 (monopile in dense sand). However, at 50g, this relation increased from 0.50 (monopile in loose sand and L = 10 m) to 0.59 (square GBF in dense sand). 

Figure 10 – Effect of the GBF shape.

The difference between the small-scale and centrifuge tests is clear. In the 1g test, the average fn of the GBFs was 28% lower than the average monopile fn, but in the centrifuge test at 50g, the average fn of the GBFs was 15% higher than the average monopile fn. The difference reflects the influences of the stress condition of the subsoil, the coupling condition between the soil and foundation, and the shear modulus. Under the 1g condition, any surface disturbance may influence the sand and its properties. The centrifuge condition increases the in situ stress, making the SSI more realistic.
Figure 12 shows the relationship between fn of the dense (Dr=70%) and loose sands (Dr=35%). Similar to the shear modulus influence, fn in dense sand is 1.06 times higher than fn in loose sand. This relationship is practically the same as that between N and the type of foundation, as shown in Figure 12.


Figure 11 – Comparison of the dynamic responses of gravity base foundations and monopiles at 50g: (a) fn and (b) normalized fn.


Figure 12 – Effect of the sand density on fn.

The experimental fn results were compared with the analytical solutions listed in Table 5 (equations 10 and 11). The fn-TSSI value is calculated by the GBF stiffness (Table 4) using Gmax at a depth equal to the diameter of the circular GBF or side length of the square GBF. The results are shown in Figures 13a and 13b for the 1g and 50g tests, respectively. The fn-TSSI value is higher than the fn value determined experimentally and close to fn-str. The empirical adjustment between fn-TSSI and fn was simplified through degradation of the shear modulus in equation (1). The best result was obtained for 0.4% shear deformation, which is the value indicated by Atkinson and Sallfors (1991) and Mair (1993) for foundation engineering. The results were very good for the tests conducted at 30g and 50g (Figure 13d), but did not fit the 1g data (Figure 13c). The correlations for shear stiffness degradation are all based on data for soils at stress levels comparable to those at 30-50g, and may be inaccurate at the very low stresses in the 1g models. The result using the Veletsos and Meek (1974) or Byrne (2011) equation with the GBF stiffness determined by the shear modulus at 0.4% shear deformation can be used under practical conditions. However, it is important to remember that in practical situations, the structure and soil are more complex and must be considered. 
The fn-TSSI value for monopiles was studied by Futai et al. (2018), and the modified Darvishi-Alamouti et al. (2017) equation exhibited the best fit for the centrifuge tests and this result is presented in Figure 14. The full-scale test will be able to evaluate the suggested procedure for the GBFs and monopiles to be used in design.

Figure 13 – Comparison of the experimental results and theoretical values of fn of GBFs.






The proposed methodology to determine the natural frequency (fn) of wind turbine models in centrifuge tests provided encouraging results. Gravity base foundations with circular and square shapes were compared with monopiles in loose and dense sand.
For the model dimensions, the GBFs had higher natural frequencies than the monopiles. Increasing turbine capacity has resulted in increasing heights of wind turbine towers resulting in more flexible structures. To avoid resonance, this has resulted in a narrow range of allowable natural frequencies for the foundation system. The results therefore show the importance of considering the effect of the soil-structural interaction (SSI) on the dynamic response of the system in design. As expected, the measured fn value was always lower than the fixed-base value with the fn/fn-str ratio not being constant and depending on the types and dimensions of the foundation models, soil properties, and prototype foundation size. In a real design, the same parameters are expected to play an important role.





The authors would like to thank Jing Dong for the contributions to this paper, the Brazilian National Council for Scientific and Technological Development (CNPq), and the São Paulo Research Foundation (FAPESP).

REFERENCES
Atkinson, J.H., Sallfors, G.,1991. Experimental determination of soil properties. Proceedings of the 10th ECSMFE, vol. 3, Florence, 915–956.
Blevins, R.D. 2001. Formulas for frequencies and mode shapes. Krieger Pub Co.
Bhattacharya, S., 2019. Design of Foundations for Offshore Wind Turbines. John Wiley & Sons. ISBN 9781119128120
Building Seismic Safety Council (BSSC). (2009). “NEHRP recommended seismic provisions for new buildings and other structures.” Rep. FEMA P-750, FEMA, Washington DC.
Byrne B., 2011. Foundation Design for Offshore Wind Turbines. Géotechnique Lecture.
Cabrera M., Caicedo, B., Thorel, L., 2012. Dynamic actuator for centrifuge modeling of soil-structure interaction. Geotech Test J. 35, 1–9.
Cedrat Technologies,  2015. Technical specification of Amplified Piezoelectric Actuator - APA400MML, Cedrat technologies and innovation in mechanics, http://www.cedrat-technologies.com (​http:​/​​/​www.cedrat-technologies.com​) [accessed 07.02.17]
Darvishi-Alamouti S., Bahaari, M., Moradi, M., 2017. Natural frequency of offshore wind turbines on rigid and ﬂexible monopiles in cohesionless soils with linear stiffness distribution. Applied Ocean Research. 92, 91-102.
DNV (Det Norske Veritas),  2002. Guidelines for design of wind turbines. 2nd ed. Denmark: Wind Energy Department, Risø National Laboratory.
DNV (Det Norske Veritas), 2014, Design of Offshore Wind Turbine Structures. DNV-OS-J101 Offshore Standard. Denmark: Wind Energy Department, Risø National Laboratory.
European Wind Energy Association. The European offshore wind industry-key trends and statistics 2018. A report by the European Wind Energy Association. E.W.E. Association; http://www.ewea.org (​http:​/​​/​www.ewea.org​/​fileadmin​/​files​/​library​/​publications​/​statistics​/​EWEA-European-Offshore-Statistics-2015.pdf​) , [accessed 22.10.19].
Futai, M. M. , Dong, J.  , Haigh, S. K. and Madabhushi, S. P. G., 2018.Dynamic response of monopiles in sand using centrifuge modelling. Soil Dynamics and Earthquake Engineering. 115, 90–103. DOI: 10.1016/j.soildyn.2018.08.007 
Gazetas, G., 1991, “Foundation vibrations,” Foundation Engineering Handbook, 2nd Edition, Chapter 15, H.-Y. Fang, ed., Chapman and Hall, New York, New York.
Gazetas, G., 1996. Soil dynamics and earthquake engineering-case studies. Athens: Simeon Publications (in Greek).
Gazetas, G., 1983. Analysis of machine foundation vibrations: State-of-the-art, Soil Dynamics and Earthquake Engrg. 3(1), 2-42
Ghosh, B. & Madabhushi, S.P.G., 2002. An efficient tool for measuring shear wave velocity in the centrifuge. The International Conference on Physical Modelling in Geotechnics, 119-124.
Global Wind Report. 2018. Global Wind Energy Council.
Haigh, S.K. (2014) Foundations for offshore wind turbines. Proceedings of the 8th International Conference on Physical modelling in Geotechnics.
Hardin B.O. and Drnevich V.P., 1972. Shear modulus and damping in soils: design equations and curves. J Soil Mech Found Div 98:667–92.
Wind Energy and Electric Vehicle Magazine, 2019. https://www.evwind.es (​https:​/​​/​www.evwind.es​/​2019​/​09​/​23​/​the-growth-of-the-global-offshore-wind-power-market-driven-by-asia​/​71012​) [accessed 22.10.19].
Hu W.H., Thöns, S. and Said, S., 2014. Resonance phenomenon in a wind turbine system under operational conditions. Proceedings of the 9th International Conference on Structural Dynamics, EURODYN 2014. Porto-Portugal,  3619-3623
Kumar S. and Prakash, S., 2004. Estimation of fundamental period for structures supported on pile foundations. Geotech Geol Eng. 22,375–89. 
Madabhushi, S.P.G., 2014. Centrifuge modelling for civil engineers. Boca Raton: CRC Press.
Madabhushi, S. P, G., Houghton, N.E. and Haigh, S.K., 2006. A new automatic sand pourer for model preparation at University of Cambridge. Proceedings of the 6th International Conference on Physical Modelling in Geotechnics. Hong Kong. Taylor & Francis, 217-222.
Mair, R.J., 1993. Developments in geotechnical engineering research: application to tunnels and deep excavation. Unwin memorial lecture. Proceedings of the ICE —Civil Engineering. 97 (1), 27-41
Mitrani H., 2006. Liquefaction remediation techniques for existing buildings. PhD Thesis, University of Cambridge.
Mylonakis, G., Nikolaou, S. and Gazetas, G., 2006. Footings under seismic loading: analysis and design issues with emphasis on bridge foundations. Soil Dyn. and Earthq. Eng. 26, 824-853. DOI: 10.1016/j.soildyn.2005.12.005
Oztoprak S. and Bolton M.D., 2013. Stiffness of sands through a laboratory test database. Géotechnique. 63(1), 54–70.
Schofield A., 1980. Cambridge geotechnical centrifuge operations. Géotechnique. 25(3), 743-761.
Seed, H.B. and Idriss, I.M., 1970. Soil modules and damping factors for dynamic response analyses. Berkeley, CA. University of California, Earthquake Engineering Research Center. Report No. EERC 70-10.
Tibaldi, C., Kim, T., Rasmussen, F., Rocca Serra, R. and Larsen, T. J., Sanz, F., 2016, An investigation on wind turbine resonant vibrations. Wind Energy, 19. 847–859. DOI: 10.1002/we.1869
Van der Tempel J. and Molenaar, D.P., 2002. Wind turbine structural dynamics-a review of the principles for modern power generation, onshore and offshore. Wind Engineering 26(4). 211–20.
Van der Tempel J .2006. Design of Support Structures for Offshore Wind Turbines, PhD Thesis, Delft University of Technology, Netherlands.































































L* - total free length at the real scale
L** - free length of the prototype
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        M1: 15 mm
        M2: 65 mm 
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